The complex formation of Cu(II) and Fe(II) with a hydrophobic ligand, 5-(octadecyloxy)-2-(2-thiazolylazo)phenol (TARC18), was investigated in the heptane/water system by the high-speed stirring spectrometry and the micro-two phase flow ESI/MS method. At first, the dissociation constant of TARC18 at the heptane/water interface was determined as pKa = 7.11. The interfacial complexation of the ligand with Cu(II) and Fe(II) under stirred conditions progressed with an increase of the pH. The experimental results showed that a 1:1 complex of Cu(II) and TARC18 was formed at the interface, but was hardly extracted into the heptane phase. On the other hand, the 1:2 complex of Fe(II) with TARC18 formed at the interface was significantly extracted into the heptane phase. The extraction constants and interfacial complex formation constants were estimated for the two systems from the experimental results, and all of the reaction schemes, including the interfacial reactions, were elucidated.
Introduction
The formation of metal complexes at the liquid-liquid interface is thought to be the primary process governing the whole chelate extraction mechanism of metal ions from an aqueous phase. 1 The measurement of interfacial reactions in a two-phase system is usually difficult, because of the serious contribution of bulk phase reactions.
However, the high-speed stirring spectrometry has outstanding advantages as a versatile method over other classical methods. 2, 3 For example, the adsorbed amount of ligand or complex at the interface is determined by spectrophotometry with high sensitivity and reliability from the absorbance change in the organic phase caused by stirring. The interfacial area under stirring can be estimated from the saturated interfacial amount determined by the high-speed stirring method and the saturated interfacial concentration determined from the interfacial tension measurement with the Gibbs isotherm. Metal-extraction systems, including Fe(II) with 1,10-phenanthroline derivatives, 4 Ni(II) with 2-hydroxy oxime, 5 Ni(II) and Zn(II) with dithizone 2,3 and pyridylazophenol 6 have been investigated by the high-speed stirring method. These studies elucidated the significant role of the liquid-liquid interface in the extraction processes; that is, the extractant and metal complex could be adsorbed at the interface by the high-speed stirring conditions, and the extraction rate was also increased under the stirring. The primary factor to affect the interfacial complex formation was elucidated to be the adsorptivity of an extractant, and the role of its hydrophobicity has been demonstrated. 2, 4 However, the interfacial complex formation mechanism for different metal ions are not well understood. In order to utilize the interface as an effective separation field, it is necessary to investigate the interfacial reactivity of an extractant with different metal ions. In the present study, 5-(octadecyloxy)-2-(2-thiazolylazo)phenol (TARC18) was used as a hydrophobic ligand, and its interfacial complexation mechanism with Cu(II) and Fe(II) was investigated by the high-speed stirring method.
The complexation of TARC18 at the air/water interface has been reported recently. 7 Structures of Cu(II) and Fe(II) complexes are different having a square planer and an octahedral structure, respectively. 8 The influence of complex structures on their interfacial behavior was investigated in the present study.
Experimental

Chemicals
4-(2-Thiazolylazo)resorcinol (TAR) and octadodecylbromide used to prepare 5-(octadecyloxy)-2-(2-thiazolylazo)phenol (TARC18) were purchased from Dojin and Tokyo Kasei, respectively, and used without further purification. A stock solution of copper(II) was prepared by dissolving weighed pure copper (Mitsuwa Kagaku, 99.999%) with a minimum amount of concentrated nitric acid, dried up and re-dissolved into perchloric acid. An iron(II) solution was prepared by dissolving FeCl2 (Wako, GR) with a small amount of perchloric acid. To reduce the oxidation of Fe(II) by air, 1.0 × 10 -3 M l-ascorbic acid (Katayama Kagaku) was co-dissolved. Heptane (Nacalai Tesque, GR) was purified by fractional distillation after a treatment with concentrated sulfuric acid. Perchloric acid (Nacalai Tesque, GR) and sodium perchlorate (Nacalai Tesque, GR) were used to control the ionic strength of aqueous solutions at 0.1. 2-(N-Morpholino)ethanesulfonic acid (MES) (Katayama Kagaku, GR) was used as a buffer reagent in a concentration of 1.0 × 10 -3 M. The pH values in lower or higher region were controlled with perchloric acid or sodium hydroxide, respectively. Acetic acid-ammonium acetate buffer was used for an ESI/MS measurement of the interfacial complex in a directly injected micro-two-phase flow system. Water was purified by a Milli-Q system (Millipore).
Preparation of TARC18
5-(Octadecyloxy)-2-(2-thiazolylazo)phenol (TARC18 or HL) was prepared by the reaction shown in Fig. 1 according to the literature. 7 A methanol solution (169 ml) of 0.067 M KOH was refluxed in a three-necked flask at 80˚C, and then 2.503 g of TAR was gradually added. After refluxing for 2 h, 3.750 g of octadecylbromide was gradually added and refluxed for more 30 min. Methanol was removed by evaporation under reduced pressure to dryness, and the solid residue was washed by 0.01 M hydrochloric acid to remove any non-reacted TAR. The final residue was dissolved into chloroform and washed by a 0.1 M NaOH solution. The crude product was purified by silica gel (Wakogel C-100) chromatography and eluted by a hexane/ethyl acetate (5:1) mixed solvent. The yield of TARC18 was 11.7%. The purity was further confirmed by thin-layer chromatography, which gave a single spot. The API/MS signal of the product was observed at 474 m/z with the expected isotope pattern. A heptane solution of TARC18 showed an absorption maximum at 412 nm with the molar absorptivity of ε412,HL = 1.83 × 10 4 M -1 cm -1 . Because the distribution constant of TARC18 was too large to determine directly, it was only estimated to be larger than 10 5 .
Apparatus
The interfacial adsorption of TARC18 and its chelate in the heptane/water system was measured by a high-speed stirring method. The detailed procedure of the measurement was reported in previous reports. 2, 6 Briefly, 50 ml of the aqueous phase and the same volume of the organic phase were vigorously stirred in a vessel at a rate of 5000 rpm or 200 rpm. The organic phase was continuously separated by a PTFE filter from the mixture at a flow rate of 3 ml/min by a reciprocating pump (Metering Inc.), and circulated through a flow cell with a 10 mm optical length installed in a Shimadzu SPD-M10A photodiode array spectrometer. The UV-Vis spectrum of the organic phase was measured every second. From the difference between the absorbances observed under the high and low stirring conditions, the interfacial amount of TARC18 or its complex was determined. The specific interfacial area under the high-speed stirring conditions could be increased to as high as 400 cm -1 .
The electronic spectra of organic and aqueous solutions were measured by a Jasco V550 spectrophotometer. A Horiba F14 pH meter was used to measure the pH.
The composition of the interfacial complex was determined by a micro-two-phase flow API/MS method that we have developed recently. 9 
Results and Discussion
Interfacial adsorption of TARC18
TARC18 was so hydrophobic that its aqueous phase absorbance after the distribution equilibrium was less than the detection limit of 0.001 absorbance, even under alkaline conditions. The distribution constant of TARC18 was estimated to be larger than 10 5 . Therefore, only the adsorption equlibrium between heptane phase and the interface was subsequently considered for TARC18. The organic-phase absorbance of TARC18 at 412 nm decreased when the two phases were stirred at 5000 rpm, indicating an interfacial adsorption of TARC18. Furthermore, the decrement of the absorbance at 412 nm increased with an increase of the pH. The adsorption of TARC18 should be represented by
where [ ]T, [ ]o and [ ]i refer to the total concentration of HL in the initial organic solution, the organic-phase concentration and the interfacial concentration; Si is the total interfacial area under high-speed stirring and Vo is the volume of organic phase. The adsorption constant of TARC18 at the heptan/water interface (K′HL) and the dissociation constant at the interface (K′a) were defined under the infinitely diluted condition by the following equations: and K′a = .
(
From Eqs. (1) -(3) and the Beer-Lambert relation for the organic phase absorbance, the following equation was finally obtained:
where ∆A is the absorbance decrease caused by stirring, and A H is the organic phase absorbance under the high-speed stirring. The pH dependence on the interfacial adsorption of TARC18 was analyzed by Eq. (4). Figure 2 shows plots of log(∆A/A H ) against the pH. The fitted line gave the value of K′HL = 5.26 × 10 -5 cm (log K′HL = -4.28) and pK′a = 7.11. The dissociation constants of o-OH of 4-(2-thiazolylazo)resorcinol (TAR) and 5-(methoxy)-2-(2-thiazolylazo)phenol (TAMR) have been reported as pKa = 9.44 and pKa = 6.70, respectively. 10 The value of pK′a = 7.11 of TARC18 is closer to pKa = 6.70 of TAMR than pKa = 9.44 of TAR, suggesting similar substituent effect of -OCH3 and -OC18H37 in the p-position. The difference of 7.11 -6.70 = 0.41 may be ascribed to the medium effect of the heptane/water interface. The electrostatic effect of the liquid-liquid interface on the dissociation constant has been discussed based on the zeta potential term (ζ), 11 pK′a = pKa + .
The value of the ζ potential of the heptane/water interface is about 20 mV. 12 It gives an estimated value of 7.04 for pK′a of
----
[HL]i TARC18, provided that the shift of pKa is ζ/59 = 0.34 from pKa = 6.70 of TAMR. This result can explain the general solvent effect of the interface for the dissociation constant, that the dissociation at the interface is retarded by the less-polar microenvironment of the interface compared with that of the aqueous solution.
Interfacial complexation of TARC18 with Fe(II) and Cu(II)
As preliminary experiments, the extraction of Fe(II) and Cu(II) into the heptane phase with TARC18 was examined by the batch method. As shown in Fig. 3(b) , Fe(II) was extracted at a higher pH than 5.3, and the absorbance of the Fe(II) complex in the organic phase increased with the pH. On the other hand, Cu(II) complex shown in Fig. 3(a) was little observed around 560 nm in the heptane phase for pH = 4.8 -5.4, but it extremely diminished at a higher pH than 6.0. At pH 6, a membrane-like compound was observed at the interface after vigorous agitation of the two phases, suggesting an interfacial aggregation of the Cu(II) complex.
The results of high-speed stirring experiments are shown in Fig. 4 . In the Fe(II) system ( Fig. 4(a) ), the adsorption of TARC18 observed at 412 nm increased with an increase of the pH by interfacial complexation, and the extraction of Fe(II)-TARC18 complex observed at 580 nm appeared at pH values higher than 5.2. The extraction constant of Fe(II) was defined by where εFeL 2 is the molar absorptivity of FeL2 at 580 nm in heptane. The plot of A L 580 against pH is shown in Fig. 5(a) and the fitted line of Eq. (9) gave Kex = 7.94 × 10 -5 and εFeL 2 = 8.99 × 10 3 M -1 cm -1 .
The whole extraction scheme of FeL2, including the interfacial adsorption, was postulated as Scheme 1. The interfacial formation constant and the adsorption constant of FeL2 were defined by
From above equations and the Beer-Lambert law for the absorbance of FeL2 in the heptane phase, the following equation was introduced,
The observed stirring effect on the absorbance values of FeL2 for pH > 5.5 allowed to calculate from Eq. (12) the adsorption constant as K′FeL 2 = 3.69 × 10 -3 cm (log K′FeL 2 = -2.43). Furthermore, the interfacial formation constant was obtained as K2 = 1.07 × 10 2 cm -1 using the relation
As for the Cu(II) system, the adsorption of TARC18 was increased with the increase of pH, and the extraction of the Cu(II) complex was observed at a higher pH than 4.9 ( Fig.  4(b) ). In higher pH values than 6, some interfacial aggregate was formed at the interface irreversibly. The interfacial complexation mechanism of Cu(II) at pH values of less than 4.5 was investigated following Scheme 2. The effect of stirring on the absorbance of TARC18 at 412 nm was analyzed according to
where K1 is the interfacial formation constant of CuL + . As shown in Fig. 5(b) , the observed stirring effect was fairly represented by Eq. (14) and the value of K1 = 8.71 (log K1 = 0.94) was obtained. The observed parameters for the formation, extraction and adsorption of the TARC18 complex of Fe(II) and Cu(II) are listed in Table 1 . The most remarkable difference between the adsorbed species is that Fe(II) complex is a neutral 1:2 octahedral complex, while the Cu(II) complex is a 1:1 planer complex and has a positive charge, since TARC18 is a tridentate ligand. This refers to the observed results that the Cu(II) complex is more adsorbable at the interface forming the 1:1 complex.
Mass spectroscopy of an interfacial complex
When a heptane solution of TARC18, Fe(II)-TARC18 complex or Cu(II)-TARC18 complex was introduced into the ionization capillary of an ESI/MS spectrometer, no signals were observed, indicating that a heptane solution was never ionized by the normal electro-spray method. On the other hand, the heptane solution of TARC18 was introduced into a Fe(II) or Cu(II) aqueous solution in a stainless-steel ionization capillary, definite signals, as shown in Fig. 6 , were observed. In the case of Fe(II), a peak was observed at m/z = 1001, as shown in Fig.  6(a) , which referred to the 1:2 Fe(II)-TARC18 complex formed at the interface. The peak at m/z = 535 in the Cu(II) system ( Fig. 6(b) ) should refer to the 1:1 Cu(II)-TARC18 complex formed at the interface, which was observed in the high-speed stirring experiment. Thus, the proposed mechanisms shown in Schemes 1 and 2 were well confirmed by the high-speed stirring experiment and the micro-two-phase ESI/MS measurement. The present results are useful information to design an interfacial separation system of different metal ions, especially in a micro-channel extraction system, which has an extremely large specific interfacial area. The analysis of the composition and structure of the aggregate of Cu(II)-TARC18 complex formed at a higher pH will be an interesting subject of our forthcoming report. Table 1 Interfacial formation, adsorption and extraction constants of Fe(II) and Cu(II) complexes with TARC18 in the heptane/water system
